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3. Results and discussion 
3.1. Creep deformation 
Creep tests were carried out on the 316L(N) SS at 873 K over a stress range of 225 – 305 MPa in air and in 
flowing sodium environments and summary of results are given in Table. 3. The velocity of sodium was 
maintained at around 2.5 m/sec. Typical creep curves of the steel at 225 MPa and 873 K obtained on 
performing creep tests in flowing sodium and air environments are compared in Fig. 2.  The variations of 
steady state creep rate (ȑs) with applied stress (ı) for both the environments are shown in Fig. 3.  The stress 
exponent ‘n’ was found to be 13.7 for creep tests in sodium environment and 12.5 for creep tests in air. The 
values of ‘n’ indicate that creep deformation of the material was controlled by dislocation creep mechanism in 
both the testing environments. The onset of tertiary stage of creep deformation occurred much early for sample 
tested in air than that in sodium environment, especially for creep tests at lower stresses (Fig. 2).   
Table. 3. Summary of results obtained from the creep tests conducted in sodium and in air. 
Stress 
(MPa) 
Sodium environment, 873 K Air environment, 873 K Life ratio to 
air test Life (hour) Elongation, (%) 
SS rate  
(h-1) Life, (hour) 
Elongation, 
(%) 
SS rate  
(h-1) 
305 72 52 0.0021 60 38 0.0027 1.2 
275 338 54 6.2 x 10-4 210 39 9.28 x 10-4 1.6 
265 757 45 2.1 x 10-4 350 42 5.9 x 10-4 2.1 
250 1345 42 1.07 x 10-4 650 32 2.52 x 10-4 2 
235 2700 44 7.11 x 10-5 1300 26 1.04 x 10-4 2.1 
225 7800 47 3.52 x 10-5 3500 48 6.30 x 10-4 2.2 
 
Fig. 2. Typical creep curves of 316L (N) SS tested in air and 
sodium environments at 873K at an applied stress of 225MPa. 
Fig. 3. Variation of steady state creep rate with applied stress of the 
steel, creep tested in air and sodium environments. 
3.2. Creep rupture life and damage 
The variations of creep rupture life (tr) of the steel with applied stress (ı) for  both the environments are 
shown in a double-logarithmic plot in Fig. 4. The variation obeyed a power law relation as tr = A' ın', where 
‘A'’ and ‘n'’ are the stress coefficient and the stress exponent respectively. Creep rupture life of the steel was 
found to increase in the sodium environment over that in air environment, the extent of which was more at 
lower applied stresses. The variation of creep rupture ductility of the material (percentage elongation) as a 
function of rupture life in shown Fig. 5. The creep rupture ductility of the material in sodium environment was 
much higher than that in air especially at longer creep exposures. Scanning electron microscopic (SEM) 
examinations of the fracture surfaces of the creep ruptured specimens are shown in Fig. 6. The fractographs 
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revealed predominantly  transgranular failure characterized by the appearances of dimples appearances 
resulting from coalescence of microvoids (Fig.6 (a)) for the steel tested in sodium environment, whereas  
predominantly intergranular creep failure was observed in the steel for testing in air environment (Fig.6(b)).  
 
Fig. 4. Variation of creep rupture life with applied stress of the 
steel, creep tested in air and sodium environments. 
Fig. 5. Variation of creep rupture ductility with rupture life of the 
steel, creep tested in air and sodium environments. 
(a) (b) 
Fig. 6. SEM factrographs of 316L(N) steel creep tested at 235 MPa, 873 K for testing in (a) flowing sodium, showing predominantly 
ductile dimple failure (b) air, showing predominantly creep brittle failure. 
 
The material was found to follow the Monkman-Grant relationship in both the testing environments (Fig. 7). 
It followed a linear equation of the form tot = f. tr where “f” is a constant and was found to depend on the testing 
environment as shown in Fig. 8. The constant “f” was 0.39 and 0.49 respectively for the creep tests in the air 
and sodium environments. Based on Continuum Creep Damage Mechanisms (CDM) approach, an indication of 
the damage process initiating tertiary creep is provided by the creep damage tolerance parameter defined  as λ 
= εf / (ȑs.tf), where εf is strain to failure, ȑs is steady state creep rate and tf is rupture life. Each damage 
micromechanism, when acting alone, results in a characteristic shape of the creep curve and a corresponding 
characteristic value of λ. The value of damage tolerance parameter λ offers an insight into the damage 
mechanisms responsible for tertiary creep and eventual fracture.  It has been predicted that for values of  λ 
between 1.5 to 2.5, the tertiary stage of creep deformation is due to the growth of creep cavities; whereas it can 
be as high as 4 or more when microstructural degradation causes the damage. Fig. 9 shows the variation of 
creep damage tolerance factor λ with rupture time of the steel creep tested in air and flowing sodium 
environments.  The average value of  λ for the steel was around 2.5 for testing in flowing sodium and around 2 
for testing in air. Such relatively low values of λ for the steel indicates that the intergranular creep cavitation 
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was the main damage mechanism in the steel and the creep cavitation was expected to be more prevalence in 
testing in air environment than that in flowing sodium environment.  
 
Fig. 7. Variation of steady state creep rate with rupture life of the 
steel, creep tested in air and sodium environments. 
Fig. 8. Variation of time to onset of tertiary stage of creep 
deformation with rupture life of the steel, creep tested in air and 
sodium environments 
 
Fig. 9. Variation of creep damage tolerance parameter Ȝ with rupture life of the steel, creep tested in air and sodium environments. 
Optical micrographs describing intergranular creep cavitation both close to specimen surface and interior are 
shown in Figs. 10 and 11 respectively for testing in air and flowing sodium environments. The enhanced creep 
cavitations in specimen tested in air might be also due to oxygen adsorption and further diffusion along the 
grain boundaries which reduces the energy required for grain boundary sliding which in turn leads to creep 
cavity nucleation [4 -5]. Almost no oxidation was observed on the specimen surface creep tested in flowing 
sodium (Fig. 12) and also no evidence of surface damage due to possible carburization and decarburization was 
noticed. SEM micrographs (Fig. 13) show the possibility of ferrite phase formation on the surface of creep 
specimen due to leaching of alloying elements due to exposure in liquid sodium. It might be possible that the 
formation of ferrite phase on specimen surface due to leaching of element and the associated creep 
embrittlement effects would reduce the enhancement of creep rupture life of the steel in flowing sodium than 
that in air.  
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Fig. 10. Optical micrographs of creep ruptured test spec
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Fig. 11. Optical micrographs of creep ruptured test specim
creep specime
Fig. 12. SEM micrograph of creep tested specimen, tested 
MPa, 873 K in flowing sodium, showing almost no eviden
oxidation on the specimen surface. 
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4. Conclusions 
• Creep curves of the specimen tested in sodium environment were characterized by primary, secondary and 
tertiary at most of the stress levels.  
• The creep rupture life of 316L(N) SS  at 873 K was longer in flowing sodium environment than that in air 
the  extent of which was more at lower applied stresses.  
• Steady state creep rate of the steel was not significantly effected by the testing environments. 
• The tertiary stage of creep deformation of the steel started much early in air environment than that in sodium 
environment.  
• The steel possessed relatively higher rupture ductility in sodium environment than that in air environment. 
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